Hydraulic cavitation is usually an undesirable phenomenon since it can damage the concrete surface of a chute spillway. In order to numerically predict the potential cavitation of a high-speed flow in a chute spillway, a compound risk assessment is proposed by combining probabilistic analysis with a computational fluid dynamics (CFD) technique. Based on the local pressure and flow velocity of the nodes, the traditional cavitation number is introduced to characterize the possibility of cavitation. e distribution of cavitation numbers was obtained according to the numerical simulation of the flow field in an open spillway. A hydraulic experiment was conducted to validate the numerical result. As a result, the potential cavitation region could be shown by visualizing the numerical result. Comparing the numerical results with the experimental results, hydraulic model validates the numerical simulation. e proposed numerical approach is economical and saves time; moreover, it can provide greater information about the potential cavitation region. is approach is more convenient for designers in their efforts to optimize the spillway shape and protect the concrete structure from cavitation erosion while maintaining lower costs and achieving higher visualization.
Introduction
A spillway is usually one of the most important structures for releasing excess flows and ensuring the safety of a hydropower station. When a high-speed flow passes through the spillway, a void may form in the lower pressure zone, and then it can rapidly collapse in higher pressure zones with an intense shock [1, 2] . ese shocks can repeatedly wear out the concrete and cause severe damage if they occur near the concrete surface of the spillway [3] . is kind of hydraulic cavitation is an undesirable phenomenon, since it may heavily damage the spillway. Hydraulic cavitation occurs more frequently when the spillway releases the flows at high velocity and low pressure [4] [5] [6] . Moreover, the cavitation also occurs in some centrifugal pump [7, 8] , ship structures [9] , and water-jet nozzle [10] and brings damages to hydraulic devices. erefore, it is very important to prevent the occurrence of hydraulic cavitation by optimizing the structure and installing a protection device [11] [12] [13] . In consequence, a credible simulation and prediction of hydraulic cavitation is necessary in the design stage to protect the spillway from cavitation damage.
e simulation and prediction of hydraulic cavitation is helpful for optimizing the structure shape and protecting the spillway from cavitation damage [14] . However, it is difficult to forecast the location and intensity of potential cavitation in large-scale spillways. Generally, observation of a prototype and hydraulic test models can be used to evaluate the hydraulic cavitation characteristics of a spillway [15] [16] [17] . Prototype observation and experimental tests are more expensive and time consuming, thus they are used only for some medium-head to high-head dam projects [6, [18] [19] [20] . Compared with physical experiments, numerical simulations are more convenient with the development of the CFD technique [21] [22] [23] [24] . Presently, numerical methods are the most commonly used to predict cavitation in mechanical areas, such as marine current turbine [25, 26] , pumps [27] , control valves [28] , propellers [29] [30] [31] , etc. For large-scale and high-speed flows in a spillway, however, the previous research has usually focused on the simulation of the flow field but not on the cavitation prediction for various spillways. For instance, Chatila and Tabbara [32] simulated the flow over an ogee spillway with the CFD method and validated the results by experimental measurement. Li et al. [33] simulated the three-dimensional hydraulic characteristics of a spillway using the volume of fluid (VOF) model. SabbaghYazdi et al. [24] and Vosoughifar et al. [34] performed a three-dimensional simulation of a stepped spillway using 3D finite volume software. Moreover, the CFD model has also been used to simulate a fluid flow with air entrainment by aerators [35] [36] [37] .
All of this research shows that the CFD model is useful and available for fluid flow simulation in various areas, and it leads to great success in applications for a large-scale spillway. However, it is still difficult to predict directly the possibility of cavitation for a large open spillway, since the uncertain surface irregularities can greatly affect the local flow where the hydraulic cavitation may occur. In order to predict the potential cavitation in an open spillway, a compound numerical approach is proposed by coupling the CFD technique with the cavitation number criterion for hydraulic structures. In the proposed approach, the cavitation number is calculated by velocity and pressure, after the flow field has been simulated primarily by CFD technique. In order to evaluate the possibility of hydraulic cavitation, the distribution of the cavitation numbers is profiled.
en, the potential cavitation zones are marked with the locations and risks of cavitation according to the inception cavitation number (ICA). is is important for designers for optimizing the structure and reducing cavitation damage.
Theoretical Mechanism and Probabilistic Evaluation

Hydraulic Cavitation Mechanism on a Spillway Surface.
In a high-speed flow, the common type of cavitation is a compound dynamic process, which includes the formation and collapse of a void. e void usually occurs where the local pressure is lower than the corresponding vapor pressure. Consequently, the void rapidly collapses with intense shocks when it moves to a higher pressure zone [38] . For a high-head dam, a spillway usually releases the flows at high velocity and low pressure. Usually, the velocity increases and the pressure decreases in the slope section, and then the velocity decreases and the pressure rises in the flip bucket. ese events support the basic conditions for cavitation occurrence. In particular, the surface irregularities may induce cavitation damage by suddenly changing local pressure and velocity. Figure 1 shows the formation and damage mechanism of the cavitation induced by irregularities in a spillway surface. A relatively low-pressure zone occurs behind the irregularity when the high-speed flow passes an irregularity on the solid surface. e voids form continuously in the low-pressure zone and move downstream. Consequently, they collapse when subjected to the higher pressure in the flip bucket. e collapse generates intense shocks and wears constantly on the concrete surface when this occurs near a solid surface.
erefore, the uncertain irregularities and cavitation are potential risks for the concrete surface.
Possibility of Cavitation in a Spillway.
In fact, the surface irregularities play an important role in the hydraulic cavitation of the spillway. ey can greatly disturb the fluid flow and decrease the local pressure below the vapor pressure. Usually, the small-scale irregularities during concrete construction include a wide variety of shapes, such as sudden bulges and dents due to construction joints and defects.
ese irregularities may reach a maximum height of 4-6 cm. However, the surface irregularities are commonly uncertain in the design stages, which depend on the construction technology and surrounding conditions. Without consideration of the irregularities, the numerical model can only simulate the undisturbed flow field. Nevertheless, the occurrence of cavitation is only dependent on whether the disturbed local pressure drops below the vapor pressure [26] . erefore, the usual simulation of the undisturbed flow field cannot directly predict the cavitation issues for a large spillway. For a large-scale flow discharge structure, the common method is to introduce a coefficient to evaluate the possibility of cavitation in the design stage. e coefficient is called the cavitation number, and it is defined as
According to the hydraulic analytical approach, the cavitation number represents the degree of risk of cavitation occurrences. Generally, the possibility of cavitation increases with the decrease in cavitation number. In other words, a slight disturbance induced by irregularity may lead to cavitation in the flow with a small cavitation number. To provide for irregularities, the inception cavitation number (ICA) K I is used as a criterion to determine the occurrence of cavitation. Usually, the hydraulic cavitation will occur in the high-speed flow zone of spillway, if the cavitation number is smaller than the ICA. Conversely, if the cavitation number is larger than the ICA, there is no cavitation occurrence.
erefore, if the velocity and pressure can be simulated accurately by a CFD technique, the cavitation number can be given for every node by Equation (1) . By analyzing the cavitation distribution, the potential cavitation in a region can be distinguished visually. is is important in the design in order to avoid future damage, since it indicates potential cavitation and its possible zones.
Governing Equations for Spillway Flows.
In fact, it is already a common work to simulate the flow of spillway by CFD technique.
ere are three typical methods to solve fluid flow in CFD areas, including the finite difference method (FDM), finite element method (FEM), and finite volume method (FVM). FVM is a powerful approach to solve systems with fluid flow [39] . e general Navier-Stokes equations can describe the flow well through continuity equations and momentum equations. Considering gravity, the closed-form expression can be written as zρ zt
A closed-form solution exists theoretically for the equation system. However, it is almost impossible to obtain an analytical solution at present.
e CFD technique is useful for yielding a numerical solution for the equation system based on the common k-ε turbulence model.
e two-equation model describes the effects of turbulence on the mean flow equations. e turbulence kinetic energy equation and dissipative equations can be written as [39] .
where
A large-scale discharge needs to be considered as an open free surface flow in the spillway. It is very important to simulate the free surface besides the flow field. Usually, a multiphase flow can be described by volume of fluid (VOF) [40] . Considered an open flow, the basic VOF method is used to simulate the water surface profile.
e conventional VOF equation can be simplified and written as
Based on the above closed-form equations, the solution exists theoretically to the equation system, and the flow fields can be numerically determined for the spillway. Fortunately, various CFD codes are available to numerically solve the flow field at present.
Analysis and Assessment of Cavitation Risk.
With the development of the CFD technique, the flow field simulation becomes more convenient for the flow discharge of a spillway structure. Based on the numerical result from a flow field, the cavitation number distribution can be obtained by the traditional hydraulic cavitation analysis method. By knowing the different cavitation numbers and comparing these values with the ICA, the potential cavitation zone is revealed and evaluated. Figure 2 shows the general procedure for cavitation numbers based on the CFD technique. As shown in the figure, the approach includes three primary procedures.
(1) According to the specific hydraulic structure, the CFD software package draws the geometrical domain, meshes the grids, defines the boundary conditions and carries out the flow field calculations. (2) Based on the results of the CFD simulation, the cavitation numbers of the node are computed with the traditional hydraulic cavitation number formula, which characterizes the cavitation potential. (3) According to the ICA criterion, the flow is divided into different zones, such as relative safe zones and potential cavitation zones, which will represent the cavitation potential. e cavitation risks are predicted and evaluated via these visual zones. Figure 3 shows the basic structure of the spillway, which consists of nozzle, control valve, discharge chute, and flip bucket. In order to compare the approach with physical model test, a hydraulic model test is conducted. e experiment is designed based on the gravity similarity criterion (GRB). e scale of model is 60:1, the total length of the spillway model is 2.67 m, and the width of the main chute is 0.3 m. In the experiment, pressure gauges and micrometers are used to measure the pressure and water depth. Considering the fluctuation of water depth and pressure, the average values of the water depths and pressures are taken as the measure result. According to the physical experiment, the numerical results were validated by comparing the experimental results. In particular, it should be stated that the corresponding hydraulic model shown in Figure 4 was originally carried out Shock and Vibration 3 for design optimization. Based on the present physical structure, some extra measurements were obtained to verify the numerical simulations. e boundary conditions and reference frame were adjusted according to the research emphasis. e paper focused on the numerical method, and the selected experimental data is only used to verify the numerical results.
Structure and Boundary of a Spillway
Physical Structure and Reference Frame.
Geometric Domain and Mesh.
According to the hydraulic structure, the geometric domain and numerical mesh were established with the Fluent CFD software. e domain includes the inlet, control valves, discharge chute, and flip bucket for the whole spillway. In order to simplify the boundary conditions, the influence of the gate slot on the flow was ignored. Figure 5 shows the whole threedimensional volume mesh.
Boundary Conditions.
According to the water level in the inlet, the top of the water level is defined as the standard atmospheric pressure, and the bottom of the water level is defined as the flow velocity inlet with the mean velocity of the inlet section. e outlet of the spillway is defined as the air pressure boundary with standard atmospheric pressure. All of the borders of the structure are considered to be fixed walls, and these include the bottom, chamber, left, and right boundaries. Figure 6 shows all of the boundary conditions defined in the spillway structure.
Conditions of Flow Discharge.
Considering the worst operating condition, the maximum discharge condition was analyzed in the case. In the numerical simulation, the inlet was defined as velocity boundary based on the discharge and upstream water depth. To compare the results from the numerical simulation, the same conditions were measured in the hydraulic model test. e pressures and velocities at some key nodes were obtained to verify the numerical results in the same positions. Usually, hydraulic models give hydraulic parameters for only some nodes, but numerical simulations can provide hydraulic parameters for almost all the nodes.
Simulation of Flow Fields and Cavitation Analysis
Simulation of the Water Surface
Profile. e water surface profile represents the distribution of the water depths. It usually determines the height of the sidewall of a spillway. Figure 7 shows both the numerical and experimental results for the water surface profile. In the figure, the solid line represents the results of the numerical simulation, and the dots represent the experimental one. As seen in Figure 7 , the numerical simulation agrees with the experimental results well.
is figure also shows that there are experimental results for only some nodes; however, the numerical simulation gives the results overall for the water surface profile.
Distribution of Flow Velocity and Pressure.
Velocity and pressure are the most important factors for cavitation analysis. Cavitation occurs commonly in the vacuum zone with high velocity and low pressure. Of the provided water temperature conditions, the flow velocity and pressure are the determining factors for cavitation.
e pressure and velocity near the bottom are significant for distinguishing the potential cavitation zone, which is also the important reference for installation of protection devices. Figure 8 shows the mean velocity distribution along the centerline on the chute bottom. Figure 9 shows the pressure distribution in the center of the chute bottom. As shown in the figures, the numerical results agree with the experiment results well.
e test can only measure some key points. However, the numerical approach can provide more results than experiment. Figures 10 and 11 show both numerical simulation and experimental results; the numerical simulation provides the entire vector and pressure distribution overall for the water profile, but the experimental measurement gives the results for only a few points. us, it is very difficult for us to obtain such a full range of results by test measurements.
Cavitation Number and Verification.
Given the local conditions for vapor pressure p V and the density of water ρ, Equation.(6) can calculate the cavitation number for all nodes with known v and p. Table 1 shows the cavitation number distribution along the centerline of the chute soleplate. In the table, the hydraulic parameters marked with subscript m are gained by model tests, and the others marked with subscript n are gained by the numerical method. Figure 12 shows the distribution of mean cavitation numbers for the centerline of the soleplate. In this figure, the line represents the cavitation number by the numerical method, 
Prediction of Cavitation Zones in the Central Plane.
Based on the numerical simulation, Figure 13 shows the cavitation number profile in the central plane of the spillway chute. e result shows that the cavitation number regularly declines from the control valve to the flip bucket. According to the numerical simulation, the minimum cavitation is about 0.145 in the center plane. Comparing the numerical result, the experimental mean cavitation number may omit the minimum value, so a numerical result may better represent the full distribution of the cavitation numbers.
e cavitation number primarily represents the possibility of hydraulic cavitation in the high-speed flow of a spillway. e smaller the cavitation number is, the greater the possibility of cavitation. However, it cannot independently determine whether cavitation occurs. When a high-speed flow passes through the spillway, the irregularity of the surface plays an important role in the occurrence of cavitation. In hydraulic design, the ICA is a key criterion, which is subject to local irregularities and material properties, as well as the surrounding conditions. Usually, the ICA is estimated based on the irregularities, which depend on the construction process and implementation standards. If the cavitation number is smaller than the ICA, cavitation will occur, otherwise, no cavitation will occur.
Usually, ICA increases with the increase of the irregularity in high-speed flow of the spillway. A streamline surface with a smaller ICA can decrease the provability of the cavitation. In fact, the irregularities form with various shapes, such as sudden drop or rise at joints. After a polishing treatment, the irregularity is approximately considered as a triangular bulge. A ratio coefficient of irregularity is commonly defined as 
For high-speed ow in the spillway, the irregularity primarily decides the ICA. An empirical relationship can be expressed as Equation (6) . For a common triangular embossment, Figure 14 shows the ICA values increase with the ratio coe cients of irregularity [41] .
After the ICA is estimated according to the irregularities, the risk region can be distinguished by comparing the cavitation number to the ICA. Conversely, the cavitation number distribution is a signi cant reference, which, for the designer, can guide the control standard for the irregularities to prevent cavitation.
For various ratio coe cients of irregularity, such as 1/20, 1/30, 1/40, and 1/50, the corresponding ICA is estimated as 0.402, 0.255, 0.190, and 0.158 according to the relationship between ICA and irregularities. en, the potential cavitation zone can be distinguished. In Figure 15 , the colour zones show the potential cavitation zone for various irregularities. In these zones, the cavitation number is smaller than the ICA. A sizable irregularity can induce the occurrence of the cavitation and may bring damage in the surface of the chute. e result is important for the designer for optimizing the spillway chute and protecting the hydraulic structure from cavitation erosion by predicted zones. As shown, the greater the irregularity is, and the bigger the cavitation zone is. Shock and Vibration
4.5.
ree-Dimensional Prediction and Evaluation of Cavitation. In fact, a numerical simulation can provide hydraulic parameters for all nodes.
us, the proposed approach can also provide cavitation numbers for all nodes. Finally, the three-dimensional distribution of cavitation numbers can also be obtained through the numerical approach. Based on the various irregularities, the potential zones were marked. Figure 16 shows the full potential zone of cavitation through visualization of the result for various irregularities. Analogously, the potential cavitation zone increases with the irregularity and ICA. erefore, control in irregularity is signi cant to reduce cavitation damages.
As shown, the experimental method provides only the mean value in the cross section. It may leave out some of the worst results.
e numerical approach provides a more comprehensive reference for the designer to improve and optimize the chute shape. According to the distribution of the pressure, the bubbles may collapse near the lowest section of the bucket, because the pressure increases suddenly in the center of the bucket. It is known that the bucket is usually subjected to cavitation damage. In fact, the numerical simulation substitutes for the physical model test in the proposed approach. Usually, the measurement can only provide some data for the key nodes. However, the numerical approach can provide more results than experiments. As shown in Figure 13 , the numerical simulation provides the full potential zone of cavitation, but it is di cult for the test measurement to obtain such abundant results.
Discussion and Statement
For a large-scale ow discharge, it is di cult to directly and accurately predict the range and intensity of cavitation.
eoretically, cavitation is only a necessary but not su cient condition for erosion damage. If the cavitation is far away from the surface of the soleplate, the collapse occurred in the middle of the ow will not damage the concrete surface. Prediction of cavitation does not represent, in fact, erosion damage, since the erosion is subject to the materials, time period, and working conditions. However, it is important for designers to predict cavitation, since cavitation prevention can avoid erosion damage on the concrete surface of a chute. In practice, the traditional method simplifies the spillway as a one-dimension flow.
e cavitation number is a mean value based on the mean velocity and pressure of the flow cross section. It only represents the mean value of a flow cross section. However, the pattern varies in the flow cross section.
e traditional method may neglect the worst conditions. e proposed numerical approach can provide the whole distribution of cavitation numbers.
is is the advantage of the numerical approach, since it is difficult for experiments to obtain these values. Moreover, the proposed approach may determine the worst locations and find areas requiring higher levels of cavitation prevention. Although the proposed approach can provide a comprehensive cavitation prediction, the approach depends heavily on some existing CFD software. e precision also depends on the flow field simulation using the CFD technique. e approach provides only a prediction of the possibility of cavitation; however, practical cavitation erosion is more complicated and indeterminate. Considering the empirical formula, this approach is convenient for large-scale flow discharge with fixed boundaries, especially open spillways, but not for pumps and propellers.
Conclusions
With the development of the CFD technique proposed in this work, it is easier and faster to determine the hydraulic parameters of a flow discharge spillway. It is an economical and inexpensive technique and gives better visualization of the results.
e results obtained from physical model validate the results obtained through the CFD simulation. Based on the numerical CFD technique, a numerical approach is proposed to compute the cavitation numbers. Combining the visualization of numerical results with the cavitation number distribution represents the cavitation potential. An example shows the proposed approach can obtain cavitation prediction for an open spillway. e measurement validates the proposed approach.
e numerical results agree well with the test results in mean cavitation number distribution for a central plane. e advantage of the approach is that it provides comprehensive and vivid cavitation number distribution. However, it is difficult for experiments to provide such abundant results. Numerical simulation provides overall results for the water profile while physical experiments provide results for only some points and it is difficult for experiments to provide such abundant results. erefore, numerical simulations provide more comprehensive results compared to physical experiments. In fact, the traditional method may leave out some of the worst results, and the numerical approach can provide a more comprehensive reference for designers to improve and optimize the chute shape. In the end, erosion damage is subject to various factors, but the prediction of cavitation provides a necessary criterion to prevent cavitation. e numerical approach can supply the three-dimensional distribution of cavitation numbers in the spillway, which can reveal the potential cavitation zone. Optimization of a spillway thus becomes easy and more reliable through numerical simulation. e proposed approach is a significantly improved method for predicting the cavitation zone in efforts to optimize and protect the spillway chute from cavitation damage.
Nomenclature
K:
Cavitation Cavitation number of simulation e:
Height of irregularity (m) l:
Length Height of irregularity (m) Δ:
ratio coefficient of irregularity.
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